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Notice

The information in this document has been funded wholly or in part by the
United States Environmental Protection Agency under Cooperative Agreement
Number CR-8 12350-01 to the National Water Well Association. It has been
subjected to the Agency’s peer and administrative review, and it has been approved
for publication as an EPA document. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use.

This document has been prepared in cooperation with EMSL-LV, Office of
Research and Development. It is intended to be used as a general reference and will
not supersede program-specific guidance (e.g., the RCRA Ground-Water Monitoring
Technical Enforcement Guidance Document).



Abstract

The Handbook of Suggested Practices for the Design and Installation of
Ground-Water Monitoring Wells is intended to assist personnel involved with the
design, construction, and installation of ground-water monitoring wells. This
document does not focus on specific regulatory requirements, but instead presents
state-of-the-art technology that may be applied in diverse hydrogeologic situations.
The “Handbook addresses field-oriented practices to solve monitoring well
construction problems rather than conceptual or idealized practices. The informa-
tion in this “Handbook” is presented in both matrix and text form. The matrices use
a relative numerical rating scheme to guide the user toward appropriate drilling
technologies for particular monitoring situations. The text provides the narrative
overview of the criteria that influence ground-water monitoring well design and
construction in various hydrogeologic settings.

The "Handbook" addresses topics ranging from initia planning for a monitoring
well to abandonment. Factors influencing monitoring well design and installation
include: purpose, location, site hydrogeology, contaminant characteristics, an-
thropogenic activities, and testing equipment that the well must accommodate.
Decontamination procedures should be planned and executed with care. Detailed
Recordkeeping from the time of well installation through sampling to abandonment
is very important. Numerous drilling and formation sampling techniques are
available, and many factors must be considered in selecting an appropriate method.
Materials for well casing, screen, filter pack, and annular sealants also should be
selected and installed carefully. Well completion and development procedures
should allow collection of representative ground-water samples and levels. Main-
tenance of monitoring wells is an important network management consideration.
Well abandonment procedures should include consideration of the monitoring well
construction, hydrogeology, and contamination at the site. The “Handbook” serves
as a genera reference for the numerous factors involved in monitoring well design,
construction, and installation.

This report was submitted in fulfillment of Cooperative Agreement Number
CR-812350-01 by the National Water Well Association under sponsorship of the
Environmental Monitoring Systems Laboratory, Las Vegas, Nevada. This report
covers a period from June 1985 to May 1989, and work was completed as of June
1989.
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Section 1
I ntroduction

Objectives and Scope

The Handbook of Suggested Practices for the Design and
Installation of Ground-Water Monitoring Wells has been pre-
pared as an aid to owners and operators of facilities as well as
others concerned with proper installation of ground-water
monitoring wells. This document is also designed to assist state
and federa authorities in evaluating all aspects of monitoring
well design and installation in varying hydrogeologic settings.
Information contained within this publication does not address
specific regulatory requirements, which must be followed, but
rather presents state-of-the-art technology that can be used in
differing situations.

This document is intended to be both informative and
descriptive in nature. The objectives are to provide a concise
description of the components of monitoring well design and
installation and to detail the applicability of various drilling
techniques in diverse hydrogeologic regimes. The information
is presented in both text and matrix form. Through a relative
numerical rating scheme, the matrix guides the user toward
appropriate drilling technology for particular monitoring situ-
ations.

Impetus for the development of the Handbook of Sug-
gested Practices for the Design and Installation of Ground-
WaterMonitoring Wells was provided by the passage of a series
of federal laws which addressed the need to protect ground-
water quality. Table 1 lists the laws enacted by Congress and
summarizes the applicable ground-water activities associated
with each law. Of the sixteen statutes listed in Table 1, ten
statutes have regulatory programs which establish ground-
water monitoring requirements for specific sources of con-
tamination. Table 2 summarizes the objectives and monitoring
provisions of the federal acts. While the principal objectives of
the laws are to obtain background water-quality data and to
eva uate whether or not ground water is being contaminated, the
monitoring provisions contained within the laws vary signifi-
cantly. Acts may mandate that ground-water monitoring
regulations be adopted, or they may address the need for the
establishment of guidelinesto protect ground water. Further,
some statutes specify the adoption of rules that must be
implemented uniformly throughout the United States, while
others authorize adoption of minimum standards that may be
made more stringent by state or local regulations.

With such diverse statutes mandating ground-water
monitoring requirements, it is not surprising that the regula
tions promulgated under the authority of the statutes also vary
in scope and specificity. In general, most regulations further
define the objectives of the statute and clarify the performance
standards to achieve the stated objectives.

More specific ground-water monitoring recommendations
can be found in the numerous guidance documents and direc-
tives issued by agencies responsible for implementation of the
regulations. Examples of guidance documents include the Of-
fice of Waste Programs Enforcement Technical Enforcement
Guidance Document (TEGD) (United States Environmental
Protection Agency, 1986), the Office of Solid Waste Documents
SW-846 (Wehran Engineering Corporation, 1977) and SW-
611 (United States Environmental Protection Agency, 1987).
The purpose of this “Handbook is to be a genera (non-
program-specific) reference to provide the user with a practical
decision-making guide for designing and installing monitoring
wells, and it will not supersede program-specific guidance.

Purpose and I mportance of Proper Ground-Water
Monitoring Well I nstallation

The primary objective of a monitoring well is to provide an
access point for measuring ground-water levels and to permit
the procurement of ground-water samples that accurately rep-
resent in-situ ground-water conditions at the specific point of
sampling. To achieve this objective, it is necessary to fulfill the
following criteria

1) construct the well with minimum disturbance to
the formation;

2) congtruct the well of materials that are compatible
with the anticipated geochemical and chemical
environment

) properly complete the well in the desired zone;

4) adequately seal the well with materials that will

not interfere with the collection of representative

water-quality samples; and

5) sufficiently develop the well to remove any
additives associated with drilling and provide
unobstructed flow through the well.

In addition to appropriate construction details, the moni-
toring well must be designed in concert with the overall goals
of the monitoring program. Key factors that must be considered
include:

1) intended purpose of the well;

2) placement of the well to achieve accurate water
levels and/or representative water-quality samples

3) adequate well diameter to accommodate
appropriate tools for well development, aquifer
testing equipment and water-quality sampling
devices; and

4) surface protection to assure no ateration of the
structure or impairment of the data collected from
the well.



Table 1. Summary of Federal Programs and Activities Related to the Protection of Ground-Water Quality (after Office of Technology Assessment, 1984)

Statutes

Inventories ground-water
of source®

Investigationa/d etection
Ground-water

monitoring
related
monitoring to sources®

Waler
supply
monitoring

Ambient

Correctio
Federally
funded
remedial
actions

requirements
for sources®

Regulatory Regulate
chemical

production

Prevention
Standards for

new/existing
sources®

Aquifer
protection Standards Other’

Atomic Energy Act................t
Clean Water Act.....................
Coastal Zone '
ManagementAct................
Comprehensive Environmental
Response, Compensation
and Liability Act . .................
Federal Insecticide, Fungicide
and Rodenticide Act..........
Federal Land Policy end
Management Act (and
associated mining laws) . . .
Hazardous Liquid Pipeline
Safety Act. ...
Hazardous Materials
Transportation Act.............
National Environmental
Policy Act . ...
Reclamation Act....................
Resource Conservation end
RecoveryAct..........covviiiiin
Safe Drinking Water Act.........
Surface Mining Control and
Redemption Act.................
Toxic Substances Control Act
Uranium Mill Tailings
Radiation Control Act . ........
Water Research and
Development Act................

X
X X

> > X > X

X
X

X

X
X

> x> x>

X
X X

“Programs and activities under this heading relate directly to specific sources of groundwater contamination.
*This category includes activities such as research and development and grants to the states to develop ground-water related programs.




Table 2. (Continued)

Statutory authority Monitoring provisions” Monitoring objectives
Reclamation Act No explicit requirements established; however, monitoring maybe conducted, as
necessary, as part of water supply development projects.
Resource Conservation and Ground-water monitoring is specified in Federal regulations for all hazardous
Recovery Act waste land disposal facilities (e.g., landfills, surface impoundments, waste piles,
-Subtitle C and land treatment units).

Facilities in existence on the effective date of statutory or regulatory amendments
under the act that would make the facility subject to the requirements to have a
RCRA permit must meet interirn Status monitoring requirements until a final per-
mit is issued. These requirements specify the installation of at feast one upgra-
dient well and three downgradient wells. Samples must be taken quarterly during
the first year and analyzed for the National Drinking Water Regulations, water
quality parameters (chloride, iron, manganese, phenols, sodium and sulfate), and
indicator parameters (pH, specific conductance, TOC and TOX). In subsequent
years, each well is sampled and analyzed annually for the six background water-
quality parameters and semi-annually for the four indicator parameters,

If contaminant leakage has been detected during detection monitoring, the owner or
operator of an interim status facility must undertake assessment monitoring. The
owner or operator must determine the vertical and horizontal concentration pro-
files of all the hazardous waste constituents in the plume(s) escaping from waste
management units.

Ground-water monitoring requirements can be waived by an owner/operator if a
written determination indicating that there is low potential for waste migration via
the uppermost aquifer to water supply wells or surface water is made and certified
by a qualified geologist or engineer. Ground-water monitoring requirements for a
surface impoundment may be waived if(1) it is used to neutralize wastes which
are hazardous solely because they exhibit the corrosivity characteristic under
Section 261.22 or are fisted in Subpart D of Part 261 and (2) contains no other
hazardous waste. The owner or operator must demonstrate that there is no poten-
tial for migration of the hazardous wastes from the impoundment. The demonstra-
tion must be in writing and must be certified by a qualified professional.

The monitoring requirement for a fully permitted facility are comprised of a three-
part program:

-Detection Monitoring - implemented when a permit is issued and there is
no indication of leakage from a facility. Parameters are specfied in the
permit. Samples must be taken and analyzed at feast semi-annually for
active life of regulated unit and the post-closure care period. If there is a
statistically significant increase in parameters specified in permit, owner
or operator must notify Regional Administrator and sample ground water
in all monitoring wells for Appendix IX constituents.

-Compliance Monitoring - Implemented when ground-water
contamination is detected. Monitoring is conducted to determine whether

(Continued)

To obtain background water-quality data and
evaluate whether ground water is being
contaminated.

To obtain background water-quality data or
evaluate whether ground water is being
contaminated (detection monitoring), to
determine whether groundwater quality
standards are being met (compliance
monitoring), and to evaluate the effectiveness
of corrective action measures.




Table 2. (Continued)

Statutory authority

Monitoring provisions®

Monitoring objectives

Resource Conservation and
Recovery Act (cont.)
-Subtitle C (cont.)

-Subtitle D

-Subtitle |

Safe Drinking Water Act
-Part C-Underground
Injection Control Program

(Continued)

or not regulated units are in compliance with the ground-water protection

standard specified in facility permit. Samples must be taken and analyzed

at least quarterly for parameters specified in the permit. Samples must
also be analyzed for a specific list of constituents (Appendix IX to

Part 284).

-Corrective Action Monitoring - Implemented if compliance monitoring
indicates that specified concentration levels for specified parameters are
being exceeded and corrective measures are required. Monitoring must
continue until specified concentration levels are met. Parameters and
monitoring frequency not specified.

-Exemptions are provided from these regulations for owner or operator
exempted under Section 284.1, or if Regional Administrator finds unit is
engineered structure; does not receive or contain liquid waste or waste
containing free liquids; is designed and operated to exclude liquids
precipitation, and other run-on and run-off; has both inner end outer
containment layers; has a leak detection system built into each
containment layer; owner or operator will provide continuing operation
and maintenance of leak detection systems; and to a reasonable degree of
certainty will not allow hazardous constituents to migrate beyond the
outer containment layer prior to end of post-closure care period.

The 1984 Hazardous and Solid Waste Amendments require EPA to revise criteria
for solid waste management facilities that may receive household hazardous
waste or small quantity generator hazardous waste. At a minimum, the
revisions must require ground-water monitoring, establish location criteria and
provide for corrective action.

On August 30, 1988, EPA published proposed rules requiring ground-water
monitoring at all new and existing municipal solid waste landfills.

Ground-water monitoring is one of the release detection options available for
owners and operators of petroleum underground storage tanks. It is also an
option at existing hazardous substance underground storage tanks until
December 22, 1998. At the end of this period, owners and operators must upgrade
or replace this release detection method with secondary containment and intersti-
tial monitoring unless a variance is obtained.

Ground-water monitoring requirements may be specified in a facility permit for
injection wells used for in-situ or solution mining of minerals (Class Il wells)
where injection is into a formation containing less than 1 0,000 mg/1 TDS.

Parameters and monitoring frequency not specified except in areas subject to
subsidence or collapse where monitoring is required on a quarterly basis.

Ground-water monitoring may also be specified in a permit for wells which inject
beneath the deepest underground source of drinking water (Class | wells).
Parameters and monitoring frequency not specified in Federal regulations.

To evaluate whether ground water is being
contaminated.




Table 2. (Continued)

Statutory authority

Monitoring provisions*

Monitoring objectives

Surface Mining Control and
Reclamation Act

Toxic Substance Control Act
-Section 6

Ground-water monitoring is specified in Federal regulations for surface and
underground coal mining operations to determine the impacts on the
hydrologic balance of the mining and adjacent areas. A ground-water
monitoring plan must be developed for each mining operation (including
reclamation). At a minimum, parameters must include total dissolved solids or
specific conductance, pH, total iron, and total manganese. Samples must be
taken and analyzed on a quarterly basis.

Monitoring of a particular water-bearing stratum may be waived by the regulatory
authority if it can be demonstrated that it is not a stratum which serves as an
aquifer that significantly ensures the hydrologic balance of the cumulative
impact area.

Ground-water monitoring specified in Federal regulations requires monitoring
prior to commencement of disposal operations for PCBs. Only three wells are
required if underlying earth materials are homogeneous, impermeable and
uniformly sloping in one direction. Parameters include (at a minimum) PCBs,
pH, specific conductance, and chlorinated organics. Monitoring frequency not
specified.

No requirements are established for active life or after closure.

To obtain background water-quality date and
evaluate whether ground water is being
contaminated.

To obtain background water-quality data




If proper monitoring well design and construction tech-
niques are not employed during monitoring well installation,
the data collected from the well may not be reliable. For
example, Sosebee et a. (1983) determined that the solvent used
to weld lengths of polyvinyl chloride (PVC) casing together can
leach significant amounts of tetrahydrofuran, methylethyl ke-
tone, methylbutyl ketone, and other synthetic organic chemi-
cals into water that comes in contact with the solvent-welded
casing joint. This could result in false determinations of the
presence of certain chemical constituents in water samples
taken from PVC wells in which the joints were solvent welded.

Monitoring well installation procedures can also have a
significant impact on the integrity of ground-water samples.
For example, Brobst and Buszka (1986) found that organic
drilling fluids and bentonite drilling muds used in mud rotary
drilling can have an effect on the chemical oxygen demand of
ground water adjacent to the wellbore in a rotary-drilled well.
This, in turn, can affect the quality of a water sample taken from
such awell, resulting in the acquisition of non-representative
ground-water samples.

Vertical seepage of leachate along well casing can also
produce non-representative samples. Monitoring wells are
frequently sealed with neat cement grout, bentonite, or a ce-
ment-bentonite mixture. The correct choice of a grout and the
proper emplacement method to ensure a seal are critical to
assure ground-water sample integrity and prevent cross con-
tamination of aquifers. Wehrmann (1983) noted that while a
neat cement grout is often recommended, shrinkage and cracking
of the cement upon curing can create an improper seal. Kurt and
Johnson (1982) have presented the case that the smooth surface
of thermoplastic casing provides a potential path for vertical
leakage between the casing and the grout material. The impli-
cations of the impact of adhesion, including chemica bonding,
versus swell pressure have not been documented in the litera-
ture. However, it is known that vertical leakage between the
casing and the grout material may occur because of swelling
and shrinkage during the curing of the grout.

This brief synopsis of potentia problems associated with
improper monitoring well design and installation illustrates that
there are a number of design elements that must be addressed in
proper monitoring well construction. This manual attempts to
discuss the basic elements that lead to the construction of a
viable monitoring well. Where appropriate, potential problems
or pitfalls are discussed.

Organization of the Document

This document contains 8 major sections and 3 supporting
appendices. A complete list of references can be found imme-
diately following Section 8, Section 1, “Introduction,” provides
an explanation of the impetus for this “Handbook” and includes
a brief discussion of the regulatory framework for ground-water
monitoring regulations. Section 2, “Factors Influencing Ground-
Water Monitoring Well Design and Installation,” discusses the
importance of sizing a monitoring well in accordance with the
intended purpose of the well. Section 2 also describes the
importance of monitoring well location and the influence of
hydrogeology, contaminant characteristics and anthropogenic
influences on monitoring well design. Section 3, “Monitoring
Wl Planning Considerations,” explains the importance of

keeping detailed records during the entire existence of the
monitoring well from installation through sampling to aban-
donment. A discussion of the necessity of decontamination
procedures for drilling equipment used during monitoring well
installation is aso included in this section. Section 4, “Descrip-
tion and Selection of Drilling Methods,” includes a brief dis-
cussion of drilling and sampling methods used during monitor-
ing well construction and the advantages and disadvantages of
each technique. The focus of this section is a set of matrices
(included in Appendix B) that indicate favorable drilling
techniques for monitoring wells with certain specifications
drilled in selected hydrogeologic settings. Section 5, “Design
Components of Monitoring Wells,” describes the materials and
installation techniques for casing, well intakes, and filter packs.
A discussion of grout mixtures and emplacement techniques is
also presented. Section 6, “Completion of Monitoring Wells,”
provides a description of well completion techniques and types
of well completions designed to maximize collection of repre-
sentative ground-water samples. Section 7, “Monitoring Well
Development,” discusses the importance of proper develop-
ment and describes techniques Used in monitoring wells. Sec-
tion 8, “Monitoring Well Network Management Considerations,”
discusses the importance of maintenance and proper well
abandonment coupled with the necessity for Recordkeeping.

Also included within the document are a glossary and three
supporting Appendices. The glossary contains pertinent ground-
water monitoring terms. Appendix A contains a detailed dis-
cussion of installing monitoring wells with a hollow-stem
auger. Appendix B includes a set of matrices designed to assist
in the selection of drilling technologies. Appendix C isa
reproduction of a standard for well abandonment.
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Section 2
Factors Influencing Ground-Water
Monitoring Well Design and Installation

Geologic and Hydrogeologic Conditions

The geologic and hydrogeologic conditions at a site affect
the occurrence and movement of ground water and contaminant
transport in the subsurface. Concomitantly, these two factors
significantly influence the design and construction techniques
used to install a monitoring well. The following discussion of
the geologic and hydrogeologic conditions pertinent to the
design and construction of monitoring wells is divided into two
parts. The first part addresses regional geologic and hydrogeo-
logic conditions that impact ground-water occurrence, and
hence the types of water-bearing materials that are likely to be
monitored. Non-exploitable aquifers in some cases, must aso
be monitored. The second part of this discussion focuses more
on site-specific geologic and hydrogeologic conditions that can
affect the design of a monitoring well and selection of an
appropriate method for drilling and constructing the well.

Hydrogeologic Regions of the United States

Heath (1984) has developed a classification system that
divides the United States into ground-water regions based on
ground-water occurrence and availability. Because the presence
of ground water in the subsurface is closely related to geologic
conditions, areas with similar rock composition and structure
tend to form similar ground-water regions. The classification
system developed by Heath (1984) uses the type and interre-
lationship of the aquifers in an area as the mgjor division for
regiona designation. Additional factors including: 1) primary
versus secondary porosity, 2) mineral composition of the aquifer,
3) hydraulic characteristics of the aquifer, and 4) the effects of
recharge and/or discharge areas were used to further define
each region. Figure 1 illustrates the division of the United States
into 15 ground-water regions. For the purposes of this discus-
sion, however, Puerto Rico and the Virgin Islands will be
excluded. Because the primary focus of this discussion is
limited to the hydrogeologic conditions pertinent to monitoring
well construction, the reader is referred to Heath (1984) for
additional information on each ground-water region.

Western Mountain Ranges —

The Western Mountain Ranges are comprised of tall,
massive mountains separated by narrow, steep-sided valleys. In
many areas, the mountains have been subjected to alpine
glaciation. Major lowland areas occur between the mountain
ranges in the southern part of this region. With geologic origins
related to magjor erogenic and tectonic events, most of the
mountain ranges are comprised of metamorphic and igneous
rocks flanked by consolidated sedimentary rocks of Paleozoic
to Cenozoic age. Other mountain ranges such as the Cascades
i’;\nd the San Juan mountains are composed primarily of basaltic
ava

Bare bedrock exposures or athin layer of weathered
material cover the dopes and summits of the mountains. The
weathered layer tends to thicken toward the base of the moun-
tains and in the aluvia valleys. Figures 2a and 2b illustrate the
location and main geologic and hydrogeologic features of this
region. Despite high precipitation rates in the region, ground-
water resources are primarily limited to the storage capacity of
the fractures in the crystalline rocks that serve as an aquifer for
this area. The lowlands between the mountain ranges contain
thick deposits of fine to coarse-grained alluvium eroded from
the adjacent mountains. These deposits serve as aquifers that
are capable of supplying moderate to large yields to wells. The
aluvia aguifers are often in direct hydraulic connection with
the underlying bedrock.

Alluvial Basins —

The Alluvial Basins region is comprised of thick alluvial
deposits in structural lows aternating with igneous and meta-
morphic mountain ranges. This region covers two distinctive
areas. 1) the Basin and Range area of the southwest and 2) the
Puget Sound/Willamette Valley Area of the Pacific Northwest
(Figure 3a).

The Basin and Range area consists of basins filled with
thick deposits of unconsolidated alluvial material eroded from
the adjacent mountains and deposited as coalescing aluvia
fans. The dluvia materials in the fans are typicaly coarsest
near the mountains and become progressively finer toward the
center of the basin. These basins typically form closed-basin
systems where no surface or subsurface flow leaves the region.
However, water may move through the permeable deposits and
actually move between basins in a complex hydrogeologic
relationship as illustrated in Figure 3b. Most ground water in
this region is obtained from the permeable sand and gravel
deposits that are interbedded with finer-grained layers of
saturated silts and clays.

The dluvia deposits of the Puget Sound were deposited by
sediment-laden meltwater from successive glaciation. Thick
layers of permeable sands and gravels that are interbedded with
discontinuous clay layers provide the mgjority of the water
resources for this area. The Willamette Valley consists of
interbedded sands, silts and clays deposited by the Willamette
River and related streams. High precipitation rates in the region
provide the major source of recharge to these aquifers.

The mountains bordering these alluvial basins consist of
igneous and metamorphic rocks ranging from Precambrian to
Tertiary in age. The limited water resources in the mountains
are derived from water stored in fractures in the bedrock.
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Figure 3a. Location of the Alluvial Basins region (Heath, 1984).
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Figure 3b. Common ground-water flow systems In the Alluvial
Basins region (Heath, 1984).

Columbia Lava Plateau —

The Columbia Lava Plateau consists of a sequence of lava
flows ranging in total thickness from less than 150 feet adjacent
to mountain ranges to over 3,000 feet in south-central Washing-
ton and northern Idaho (Figure 4a). The lava is composed of
basalt that erupted from extensive fissures and produced large
sheet-like flows. The lava beds comprise the principal water-
bearing unit in the region.

Ground water in basalt flows through the permeable zones
that occur at the contacts between the lava flow layers (Figure
4h). The permeable zones result from the cooling of the crust on
the molten lava as it continues to flow thus producing a zone of
fragments and gas bubbles near the top of the lava sheet.
Cooling of the lava sheet itself also produces vertical fracturing
within the basalt. These interflow zones, created by the cooling
crust, form a complex series of relatively horizontal aquifers
separated by denser layers of basalt that are often hydraulicaly
interconnected by the intersecting fractures and faults within
the lava sheets.

Figure 4a. Location of the Columbia Lava Plateau region
(Heath, 1984).

Present Soil Zone
Interflow
Lava grr-/Zone
Flows .S t and Clay
Cooling Fractures

Figure 4b. Topographic and geologic features of the Columbia
Lava Plateau region (Health, 1984).

The region can be divided into two separate hydrogeologic
flow regimes. The Columbia River Group, in the western part
of this region, consists of relatively thick basalt flows that have
been offset by normal faults. Primary water movement is
through shallow interflow zones. The aquifers are typicaly
poorly hydraulically interconnected because the flow is con-
trolled by the faults which form barrier-controlled reservoirs.

The remainder of the region, occupied by the Snake River
Plain, consists of a series of thin lava flows with well-devel oped
interflow zones and extensive fracturing. These interflow
zones exhibit high hydraulic conductivities and are hydrauli-
caly interconnected by cooling fractures. The large differences
in hydraulic conductivity between the interflow zones and the
denser basalt often result insignificant differences in hydraulic
head between aquifers. Consequently, there is the potential for
the movement of water between aquifers through uncased or
improperly cased wells.

Recharge to the aquifer is from precipitation and infiltra-
tion from streams that flow onto the plateau from adjacent

1



mountains. Irrigation of crops in this region provides additional
recharge to the aguifer through the interflow zones when the
source of water is not from the aquifer.

Colorado Plateau and Wyoming Basin —

The Colorado Plateau and Wyoming Basin region is char-
acterized by abroad structural plateau underlain by horizontal
to gently dipping beds of consolidated sedimentary rock. In
some areas, the structure of the plateau has been modified by
faulting and folding that resulted in basin and dome features.
The region contains small, isolated mountain ranges as well as
extinct volcanoes and lava fields (Figures 5a and 5D).

The sedimentary rocks in this region consist of Paleozoic-
to Cenozoic-age sandstones, limestones and shales. Evaporitic
rocks such as gypsum and halite also occur in some areas. The
sandstones serve as the principal source of ground water. Water
within the sandstone is contained within pore spaces and in
fractures and bedding planes. Minor deposits of unconsolidated
aluvium occur in major river valleys and contribute small to
moderate yields of ground water.

Recharge to the aguifers is from precipitation and from
infiltration from streams that cross the outcrop areas. The gentle

@

Figure 5a. Location of the Colorado Plateau and Wyoming
Basin region (Heath, 1984).
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Figure 5b. Topographic and geologic features of the Colorado
Plateau and Wyoming Basin region (Heath, 1984).

dip of the beds causes unconfined conditions in outcrop areas
and confined conditions downdip. Aquifers in the region fre-
quently contain mineralized water at depth. Aquifers typically
discharge to springs and seeps aong canyon walls.

High Plains —

The High Plains region represents a remnant of an dluvia
plain deposited by streams and rivers that flowed eastward from
the Rocky Mountains during the Tertiary period. Extensive
erosion has subsequently removed a large portion of the plain,
including most areas adjacent to the mountains.

The High Plains region is underlain primarily by the
Ogallala formation, athick deposit of semi-consolidated allu-
vial materials consisting of poorly-sorted sands, gravels, silts
and clays (Figures 6a and 6b). The Ogallala formation is the
major aquifer and is overlain localy by younger aluvial mate-
rid that is often saturated and forms a part of the aquifer. In
places where the Ogallala is absent, these younger aluvia
deposits, that are comprised of unconsolidated sand, gravel, silt
and clay, are used as the mgjor aquifer. Extensive areas of
surficial sand dunes are also present. In some areas, older
underlying consolidated deposits that include the fine-grained
sandstones of the Arikaree Group and Brule formation are

(a)

Figure 6a. Location of the High Plains region (Heath, 1984).
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Figure 6b. Topographic and geologic features of the High Plains
region (Heath, 1984).
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hydraulically connected to the Ogallala. Where these deposits
are absent, the Ogallda is underlain by other sedimentary rocks
that often contain unusable, highly mineralized water.

Recharge to the aquifer from precipitation varies across the
area. The presence of caliche, alow permeability calcium
carbonate layer at or near the land surface, limits the amount of
precipitation that infiltrates to the aquifer, thereby increasing
the amount of water lost to evapotranspiration. In the sand
dunes area, however, the permesbility of the surface materias
alows increased recharge to the aquifer.

Extensive development of the aquifer for agriculturd irri-
gation has led to long-term declines in water levels. Where
ground-water withdrawal rates have exceeded available re-
charge to the aquifer, ground-water mining has occurred. The
depletion of water from storage in the High Plains region has
resulted in a decrease in the saturated thickness of the aquifer in
areas of intensive irrigation.

Nonglaciated Central Region —

The Nonglaciated Central region covers a geologically
complex area extending from the Appalachian Mountains to the
Rocky Mountains. Most of the region is underlain by consoli-
dated sedimentary rocks, including sandstones, shales, car-
bonates and conglomerates that range from Paleozoic to Ter-
tiary in age (Figures 7a, 7b and 7c). These rocks are typically
horizontal to gently dipping with the exception of a few areas,
notably the Valley and Ridge section; the Wichita and Arbuckle
mountains in Oklahoma, the Ouachita Mountains in Oklahoma
and Arkansas; and the Triassic basins in Virginia and North
Carolina. The Triassic basins contain interbedded shales,
sandstones and conglomerates that have been faulted and
invaded by igneous rocks.

Chemica and mechanical weathering of the bedrock has
formal alayer of regolith that varies in thickness and compo-
sition depending on the composition and structure of the under-
lying parent rock and the effects of climate and topography. The
sandstones and limestones constitute the major aguifers in the
area. Water occurs primarily in bedding planes and fractures in
the bedrock. Many of the limestones contain solution channels
that increase the permeability. Limestones in this region often
form extensive cave systems that directly affect patterns of
ground-water flow.

Recharge in the region occurs primarily from precipitation
in outcrop areas and varies widely. Small to moderate well
yields are common; higher yields may be available in karstic
areas. Well yields often depend on the size and number of
fractures intersected by the well, the recharge to the area and the
storage capacity and permeability of the bedrock and/or rego-
lith. In many parts of this region, mineralized water occurs at
depths greater than 300 feet.

Glaciated Central Region —

The geology of the Glaciated Centra region is character-
ized by relatively horizontal sedimentary recks of Paleozoic to
Tertiary age consisting of sandstones, shales and carbonates.
The bedrock is overlain by varying thicknesses of poorly-sorted
glacia till that is interbedded with: 1) well-sorted sands and
gravels deposited from meltwater streams, 2) clays and silts

Figure 7a. Location of the Nonglaciated Central region
(Heath, 1984).
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Figure 7b. Topographic and geologic features of the
Nonglaciated Central region (Heath, 1984).
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Figure 7c. Topographic and geologic features along the western
boundary of the Nonglaciated Central region (Heath,
1984).
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from glacial lake beds and 3) wind-blown silt or loess deposits
(Figures 8a and 8h).

In the eastern part of the region, the glacial deposits are
typically thin on the uplands and thicken locally in valleys.
Toward the central and western parts of the region, glacia
deposits are thicker and often mask the location of preglacial
river valleys. These thick deposits in the preglacial river valleys
often contain permeable sands and gravels that form major
aguifers with significant well yields. Overlying till deposits
often act as confining layers for the underlying sand and gravel
aquifers.

The underlying bedrock in this region also commonly
serves as an aquifer. Water occurs primarily along bedding
planes and in fractures. Frequently the glacial deposits and the
bedrock are hydraulically interconnected. The glacia deposits
often provide recharge to the bedrock aquifers and serve as a
source of water for shallow wells. Movement of poor-quality
water from the bedrock into the glacial deposits may cause local
ground-water quality problems. Recharge to the glacial deposits
is provided by precipitation and by infiltration from streams.

Recharge rates primarily vary with precipitation rates, evapo-
transpiration rates, permeability of the glacial materials and
topography.

Ground-water supplies are abundant in this area well
yields are moderate to high. Smaller yields are expected in areas
where the glacial deposits are fine-grained or where the un-
derlying bedrock has an insufficient amount of fractures or
solutioning. Because of the widespread occurrence of carbon-
ﬁte drocks, ground water in these areas frequently exhibits high

ardness.

Piedmont and Blue Ridge —

The Piedmont lies between the coastal plain and the Appa
lachian Mountains. The region is characterized by a series of
low, rounded hills that gradually increase in height toward the
west and culminate in the parallel ranges of the Appalachian
Mountains in the north and the Blue Ridge Mountains in the
south. The bedrock of the region consists of Precambrian to
Mesozoic-age igneous, metamorphosed-igneous and sedi-
mentary rocks (Figures 9a and 9b).

@

Figure 8a. Location of the Glaciated Cantral region (Heath,
1984).
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Figure 8b. Topographic and geologic features of the Glaciated
Central region (Heath, 1984).

Figure 9a. Location of the Piedmont and Blue Ridge region
(Heath, 1984).
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Figure 9b. Topographic and geologic features of the Piedmont
and Blue Ridge region (Heath, 1984).
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Active chemica and physical weathering of the bedrock
has formed a clay-rich, unconsolidated deposit that overlies
bedrock. This deposit, called saprolite or regolith is typically
thinner on ridges and thickens on slopes and in valleys. Larger
streams in many valleys have deposited significant thicknesses
of well-sorted aluvial materias that often overlie the saprolite.

The regolith serves two purposes in the ground-water
system: 1) the regolith yields small to moderate quantities of
water to shallow weUs and 2) the regolith serves as a storage
reservoir to slowly recharge the bedrock aguifer. The storage
capacity in the bedrock is limited because the ground water
occurs aong fractures and in joints. Water-supply wells are
often completed in both the regotith and in the bedrock.

Well yields in this region are extremely variable; bedrock
wells that intersect fractures and/or have sufficient recharge
from the overlying regolith are the most productive. A higher
density of fractures typically occurs aong valeys and in draws
bordering ridges.

Northeast and Superior Uplands —

The Northeast and Superior Uplands cover two geographic
areas. 1) the Northeast includes the Adirondack Mountains and
most of New England, and 2) the Superior Uplands include
most of northern Minnesota and Wisconsin. Both areas are
underlain by Precambrian to Paleozoic-age igneous and meta-
morphic rocks that have been intruded by younger igneous
rocks and have been extensively folded and faulted (Figures
10a and 10b).

Figure 10a. Location of the Northeast and Superior Uplands
region (Heath, 1984).

(b)

Figure 10b. Topographic and geologic features of the Northeast
and Superior Uplands region (Heath, 1984).

The bedrock is overlain by unconsolidated glacial deposits
that vary in thickness. These glacia deposits include poorly-
sorted glacid tills, glacia lake clays, and well-sorted sands and
gravels laid down by meltwater streams. The glacia sands and
gravels serve as important aquifers and are capable of produc-
ing moderate to large yields. Ground water in the bedrock is
typicaly found in fractures or joints and the rock has a low
storage capacity. The glacial deposits provide recharge by slow
seepage to the underlying bedrock. Wells are often completed
in both bedrock and the glacial deposits to provide maximum
yields. Recharge to the glacia deposits occurs primarily from
precipitation.

Atlantic and Gulf Coastal Plain —

The Atlantic and Gulf Coastal Plain region extends south-
ward from Cape Cod to the Rio Grande River in Texas. The
region is underlain by Jurassic to Recent-age Semi-consolidated
to unconsolidated deposits of sand, silt and clay laid down by
streams draining the adjacent upland areas. These deposits are
very thin toward the inner edge of the region and thicken
southward and eastward. The thickest deposits occur in a down-
warped zone termed the Mississippi Embayment. All deposits
either dip toward the coast or toward the axis of the embayment;
therefore, the older formations outcrop along the inner part of
the region and the youngest outcrop along the gulf coastal area.
Coarser-grained material is more abundant updip, and clay and
silt layers tend to thicken downdip (Figures 1 laand 1 1b).
Limestone and shell beds also occur in some areas and serve as
productive and important aquifers.

()

Figure 1 la. Location of the Atlantic and Gulf Coastal Plain
region (Heath, 1984).

Marine Terra

(b)
Figure 1 Ib. Topographic and geologic features of the Gulf
Coastal Plain (Heath, 1984).
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Recharge to the aquifer occurs in outcrop areas from
precipitation and from infiltration aong streams and rivers. In
some areas an increase downdip in the percentage of clay in the
deposits limits recharge and affects ground-water flow paths.
Ground-water withdrawals in these areas sometimes exceed
recharge to the aquifer and result in declining water levels and
land subsidence.

Southeast Coastal Plain —

The Southeast Coastal Plain includes all of Florida and the
southern parts of Alabama and Georgia. The surficial deposits
in this area are comprised of unconsolidated Pleistocene-age
sand, grave, silt and shell beds. The semi-consolidated lime-
stone beds of the Biscayne aquifer outcrop in southern Florida.
Throughout much of the region, surficial deposits are underlain
by the Hawthorn formation, a Miocene-age clay and silt layer.
The Hawthorn formation often serves as a confining layer. The
Hawthorn formation overlies a thick sequence of semi-consoli-
dated to consolidated limestones and dolomites known as the
Floridan aquifer (Figures 12a and 12b).

The Floridan aquifer is one of the most productive aquifers
in the United States and is the principal ground-water resource
for the entire region. In the northern part of the region, the
Floridan is unconfined. Most recharge to the aquifer occurs
from direct infiltration of precipitation in this area. In central
and southern Florida, the aquifer is semi-confined by the
Hawthorn formation and recharge from the surface is limited.
Natural discharge from the Floridan occurs from springs and
streams and from seepage through confining beds. Many springs
with high discharge rates can be found where the Floridan
outcrops.

In southern Florida, water in the Floridan is typically
saline. In this area, water supplies are developed in the shal-
lower Biscayne aguifer. The Biscayne is unconfined and is
recharged directly by precipitation and by infiltration from
streams and impoundments.

The surficial sands and gravels also serve as aquifersin
many parts of the region, particularly where the Floridan is
sdine. These aguifers supply small to moderate yields to wells
and are recharged by infiltration of precipitation.

(a)
Figure 12a. Location of the Southeaat Coastal Plain Region.

Alluvial Valleys —

The Alluvia Valeys region encompasses the thick sand
and gravel deposits laid down by streams and rivers. Figure 13a
illustrates the extent and location of these major alluvial valleys.
Alluvia valleys typically contain extensive deposits of sands
and gravels that are often interbedded with overbank deposits
of silts and clays. The origin of many of the aluvia aguifersis
related to Pleistocene continental and alpine glaciation. Sedi-
ment-laden meltwater from the glaciers deposited extensive
sands and gravels in many stream valleys. These permeable
sands and gravels are capable of yielding moderate to large
water supplies to wells. These aquifers are typically confined to
the boundaries of the flood plain and to adjacent terraces
(Figure 13b).

In many of the aluvial valleys, ground-water systems and
surface water systems are hydraulically interconnected. Re-
charge to the aquifer occurs from streams and from precipita-
tion. Withdrawals of ground water near a stream may cause a
reversal of hydraulic gradients; ground water previously flow-
ing from the aquifer and discharging to the stream may now
receive recharge from the stream by induced infiltration.

Hawaiian |dands —

The Hawaiian Islands were formed by volcanic eruptions
of lava. These shield volcanoes rise from the ocean floor and
form the eight major Hawaiian islands. Erosion of the volcanoes
has carved distinctive valleys and has created an adjacent
narrow coastal plain.

The islands are formed from hundreds of separate lava
flows composed primarily of basalt. The lavas that were extruded
beneath the sea are relatively impermeable. Lavas that were
extruded above sea level contain permeable interflow zones,
lava tubes and cracks and joints formed while the lava cooled.
Lava flows in the valleys are often covered by athin layer of
aluvium eroded from the basalt.

The mode of deposition of the basalt largely controls the
occurrence and flow of ground water on theislands. The
ground-water system consists of three major parts. 1) dike-
impounded water, 2) basal ground water, and 3) perched

Discharge
«——Recharge Area —+—Area—>

¥,.-' tieg.. \.5 ‘-\;'_.A - "
) T 3 Arf}es:an
Sinkhole o~
[ /2 LakesQ w5 \/

-t - P

s\ vy 3)-
N N 4 ~

\. L

... Potentiometric e
- urface .

(b)

Figure 12b. Topographic and geologic features of the Southeast
Coastal Plain (Heath, 1984).
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Figure 13a. Location of the Alluvial Valley a ground-water region
(Heath, 1984).

(fresh) water (Figure 14). Dike-impounded water is found in the
joints developed aong the vertica fissures through which the
lava erupted. Basal ground water is found in the permeable
zones of the horizontal lava flows extending from the eruption
centers and is partially hydraulically interconnected to the dike-
impounded water. The perched (fresh) water system is found in
permesble lava or aluvia deposits above thick impermeable
lava flows or basal ground water.

Recharge to these aquifers occurs through the infiltration
of precipitation. Because the volcanic soils are highly perme-
able, approximately thirty percent of the precipitation infil-
trates and recharges the aquifer.

The basal ground-water system is the principal source of
water to the islands. The basal system occurs as a fresh-water
lens floating on the denser seawater. Basal and dike-im-
pounded ground water is often withdrawn from horizontal
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Figure 14. Topographic and geologic features of an Hawaiian
Island (Heath, 1984).
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Figure 13b. Topograp,hic and geologic features of a section of
the alluvial valley of the Mississippi River
(Heath, 1984).

tunnels and vertical and inclined wells constructed into the lava
flows.

Alaska —

Alaska can be divided into four physiographic divisions
from south to north: 1) the Pacific Mountain System, 2) the
Intermontane Plateaus, 3) the Rocky Mountain System and 4)
the Arctic Coastal Plain. The mountain ranges are comprised of
Precambrian to Mesozoic-age igneous and metamorphic rocks.
These are overlain by younger sedimentary and volcanic rocks.
Much of the region is overlain by unconsolidated deposits of
gravel, sand, silt clay and glacial till (Figure 15).

Climate directly affects the hydrology of Alaska. Much of
the water at the surface and in the subsurface is frozen through-
out much of the year, forming a zone of permafrost or perenni-
ally frozen ground. Permafrost occurs throughout the state
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Figure 15. Topographic and geologic features of parts of Alaska
(Heath, 1984).
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except dong the southern and southeastern coasts. The depth of
permafrost varies, but is typically deeper in the northern areas
and becomes shallower toward the south.

In zones of continuous permafrost, ground water occurs
beneath the permafrost and in isolated zones beneath deeper
lakes and alluvia channels. In zones of discontinuous perma-
frost, ground water occurs below the permafrost and in sand and
gravel deposits in mgjor dluvid valleys. In the areas where
permafrost is absent, ground water occurs both in the bedrock
and in the overlying unconsolidated deposits.

Recharge to the aquifers is limited due to permafrost. Even
in non-permafrost areas, shallow groundwater is usually frozen
when spring runoff occurs. Most recharge to the aquifers occurs
from stream infiltration as the streams flow across the aluvia
deposits when permafrost is absent.

Site-Specific Geologic and Hydrogeologic
Conditions

The geologic and hydrogeologic conditions at a specific
site influence the selection of an appropriate well design and
drilling method. Prior to the installation of monitoring wells,
exploratory borings and related subsurface tests must usualy be
made to define the geology beneath the site and to assess
ground-water flow paths and velocity. Formation samples and
other data collected from this work are needed to define the
hydraulic characteristics of the underlying materials. The logs
of these borings are used to correlate stratigraphic units across
the site. An understanding of the stratigraphy, including the
horizontal continuity and vertical thickness of formations be-
neath the site, is necessary to identify zones of highly permeable
materials or features such as bedding planes, fractures or
solution channels. These zones will affect the direction of
ground-water flow and/or contaminant transport beneath the
site. Because the occurrence and movement of groundwater in
the subsurface are closely related to the geology, the geologic
conditions at the site influence the location, design and methods
used to install monitoring wells.

The required depth of a monitoring well is determined by
the depth to one or more water-bearing formations that need to
be monitored. Where two or more saturated zones occur beneath
a site and the intent of the monitoring program is to monitor
water quality in the lower zone, the monitoring well may require
surface casing to “seal-off" the upper water-bearing formation
prior to drilling deeper.

The formations at the site, whether consolidated or uncon-
solidated, also influence the type of well completion. In un-
consolidated deposits, screened intakes are typicaly designed.
The well may have either a naturally developed or artificially-
emplaced filter pack, depending on the grain-size distribution
of the water-bearing materials. Artificial filter packs and
screened intakes are aso often required in poorly-consolidated
formations to minimize potential caving of the borehole and/or
to reduce turbidity in water samples collected from the completed
well. In some consolidated formations, the well may be com-
pleted as a cased borehole with no screen intake or filter pack.
Where conduit-born fines are a problem in consolidated for-
mations, an artificial filter pack and a screen intake may be
required.

Drilling methods must be chosen based at least in part on
geologic considerations. Hard, consolidated formations restrict
or eiminate certain drilling methods. For example, in karstic
formations, cavernous openings create significant problems in
maintaining circulation and in protecting drilling equipment.
Unconsolidated deposits can aso present severe limitations for
various drilling methods. Some drilling techniques cannot be
used where large boulders are present. Conversely, cohesive
geologic deposits and the resultant stability of the borehole may
expand drilling options. Variations in equipment, drilling
techniques and instalation procedures may be necessary to
overcome specific limitations when using particular drilling
methods.

Consideration of the hydrogeology at the siteis also
important when selecting a drilling method. The depth to which
the well must be drilled to monitor a selected water-bearing
zone may exceed the practical depths of a particular drilling
technique. In addition, certain saturated geologic materials,
under high hydrostatic pressures, may either 1) impose increased
frictional resistance (i.e. expanding clays) which limits the
practical depths reached by some drilling methods or 2) create
unstable borehole conditions (i.e. heaving sands) that may
preclude the use of some drilling methods for installation of the
monitoring well.

For a complete discussion of well drilling methods and a
matrix for seltecting a drilling method based on the genera
hydrogeologic conditions and well design requirements, the
reader is referred to Section 4, “Description and Selection of
Drilling Methods.”

Facility Characteristics

Frequently the purpose of a monitoring, program is to
evaluate whether or not ground water is being contaminated
from a waste disposal practice or a commercia operation
associated with the handling and storage of hazardous materi-
als. In these instances, the design and construction of the
monitoring wells must take into account the type of facility
being monitored and the fate and transport in the subsurface of
the waste materials or commercia products.

Recognition of the type of facility being monitored is
necessary to determine whether the facility is regulated under
existing federal and/or stage statutes and administrative rules
(see Section 1). Some regulated facilities must comply with
specific ground-water monitoring requirements, and program-
specific guidance documents may describe the design and
construction of the monitoring wells. The type of facility or
operation may also determine the types of materials and poten-
tial contaminants which have been handled onsite, past or
present, and whether or not those contaminants were stored or
disposed of on or below the ground surface. The design of the
facility may also include a system for waste or product con-
tainment that impacts potentia release of contaminants, both
onsite and offsite, and may require separate monitoring.

The physical and chemical characteristics of the contami-
nants, including volatility, volubility in water and specific
density, influence the movement of the contaminant in the
subsurface. Additional factors that affect contaminant fate and
transport include: oxidation, sorption and biodegradation.
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Monitoring wells must be located and designed with these
environmental factors and contaminant characteristics in mind.
Construction materials for the well should be selected based on
their ability to withstand attack by contaminants that are antici-
pated at the site,

The following two-part discussion focuses on facility
characteristics that impact the design and construction of
monitoring wells. The first part presents the more prominent
types of waste disposa facilities or commercial operations for
which ground-water monitoring wells are designed. The second
part focuses on those physical and chemical characteristics of
contaminants that significantly influence the transport of the
contaminant in the subsurface.

Type of Facility
Landfills —

A landfill is a facility or waste unit where solid waste is
typically disposed of by spreading, compacting and covering
the waste. The landfill design, construction and operation
details vary depending on the physica conditions a the site and
the type and amount of solid waste to be disposed. Wastes are
usually emplaced and covered in one of three settings: 1) on and
above the natural ground surface where surface topography is
flat or gently rolling, 2) in valleys, ravines or other land
depressions, or 3) in trenches excavated into the subsurface.
The design of the landfill determines the boundaries of the fill
area and the lowest elevation at which the solid waste is
disposed. The physical dimensions of the landfill are important
criteria for locating and designing the depth of monitoring wells
used to monitor the quality of ground water in the first water-
bearing zone beneath the bottom of the landfill.

The wastes that are disposed of in landfills are generally
classified as either hazardous or non-hazardous. Wastes that are
characterized as hazardous are regulated in Title 40 of the
United States Code of Federal Regulations (CFR) Part 261. The
distinction between a landfill receiving hazardous, waste versus
non-hazardous waste is important from a regulatory standpoint
when developing a ground-water monitoring program. Land-
fills receiving wastes classified as hazardous are subject to
minimum federal regulations for the design and operation of the
landfill (40 CFR, Parts 264 and 265, Subpart N and Part 268)
and for ground-water protection and monitoring (40 CFR, Parts
264 and 265, Subpart F). These regulations are mandated under
the Resource Conservation and Recovery Act (RCRA) and
subsequent amendments to RCRA. Individual states may be
authorized by the United States Environmental Protection
Agency to enforce the minimum federal regulations and may
adopt separate state regulations more stringent than the federal
standards.

Landfills receiving non-hazardous wastes are also regulated
under RCRA; however, these facilities are addressed under
different federal guidelines or recommendations for the design
and operation of sanitary landfills and for ground-water pro-
tection measures (40 CFR, Part 241, Subpart B). Properly
designed landfills should include a bottom liner of compacted,
low permesability soil and/or synthetic liner to minimize the
percolation of leachate from the landfill into the subsurface. A
leachate collection system should also be instaled beneath the
landfill to control leachate migration and permit the collection

of leachate for final treatment and disposal. Hazardous waste
landfills are subject to minimum, federal technologica guide-
lines for “composite double liner systems” (including com-
pacted low permesability soils and two flexible synthetic mem-
branes) that incorporate both primary and secondary leachate
collection systems. Many older or abandoned landfillls containing
both hazardous and/or non-hazardous wastes are unlined and
have been unregulated throughout the operational life of the
facility.

Ground-water monitoring programs at hazardous waste
land disposal facilities are aso subject to federa requirements,
including performance criteria. The regulations require that a
sufficient number of wells be constructed at appropriate loca-
tions and depths to provide ground-water samples from the
uppermost aquifer. The purpose of ground-water monitoring is
to determine the impact of the hazardous waste facility on
ground water in the uppermost aquifer. This is done by compar-
ing representative samples of background water quality to
samples taken from the downgradient margins of the waste
management area. The ground- water monitoring wells must be
properly cased, completed with an artificial filter pack, where
necessary, and grouted so that representative ground-water
samples can recollected (40CFR, Sections 264.97 and 265.91).
Guidance for the design and construction of these monitoring
wells is provided in the RCRA Ground Water Monitoring
Technical Enforcement Guidance Document (TEGD). Owners
and operators should be prepared to provide evidence that
ground-water monitoring measures taken at concerned facili-
ties are adequate.

A potential monitoring problem at al landfills, particularly
older facilities, is the accurate location of the boundaries of the
landfill. If the boundaries of the fill area are unknown, monitor-
ing wells may not be accurately placed to properly define
subsurface conditions with respect to the actual location of the
disposal site. Accidenta drilling into the landfill causes safety
and health concerns. All personnel involved in the drilling of
monitoring wells at hazardous waste treatment, storage and
disposal facilities, or in the direct supervision of such drilling,
should have received initial training in working in hazardous
environments in accordance with the regulations of the Occu-
pational Safety and Health Administration (29 CFR, Section
1910.120).

Surface Impoundments —

Surface impoundments are used for the storage, treatment
and/or disposal of both hazardous and non-hazardous liquid
wastes. Impoundments or lagoons can be constructed either in
natural depressions or excavations or created by surface diking.
The impoundments typically are used to settle suspended
solids. Liquid wastes within the impoundment are usually
treated chemically to cause precipitation or coagulation of
wastes. Surface impoundments may be either “discharging” or
“non-discharging.” Discharging impoundments are designed to
intentionally permit the supernatant fluid to overflow into
receiving streams for final treatment and disposal. Non-dis-
charging impoundments can either intentionally or uninten-
tionaly lose liquids through seepage into the subsurface or
through evaporation.

The size of a surface impoundment can range from a
fraction of an acre to thousands of acres in surface area. The
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depths of these impoundments reportedly range from 2 feet to
more than 30 feet below the ground surface (Office of Technol-
ogy Assessment, 1984). The specific design and operation
requirements for surface impoundments that contain hazardous
materials are regulated under RCRA (40 CFR, Parts 264 and
265, Subpart K). To prevent waste infiltration, hazardous waste
impoundments are subject to minimum federal technological
guidelines for a “compacted soil double liner system” (includ-
ing compacted, low permeability soil and a single flexible
synthetic liner). A leachate collection system is also required to
contain any leachate that does infiltrate into the subsurface.

Hazardous waste impoundments are subject to the same
minimum federal ground-water protection and monitoring
regulations discussed above for hazardous waste landfills.
Water levels in monitoring wells located too close to im-
poundments often reflect the effects of mounding on the water
table and lead to inaccurate interpretation of the water-level
data (Beck, 1983). The design depth of the monitoring wells
also depends on the depth of the bottom of the surface im-
poundment below ground level and the depth of the first water-
bearing zone underlying the bottom of the impoundment.

Waste and Material Piles —

Large quantities of both wastes and materials may be
stockpiled for storage. Stockpiled material may include poten-
tially hazardous material such as highway deicing salts, copper,
iron, uranium and titanium ore, coal, gypsum and phosphate
rock. Hazardous waste piles can also be generated by other
industrial operations and vary in composition. Waste piles
typically include two types of mining wastes: 1) spoil piles and
2) tailings. Spoil piles are the overburden or waste rock removed
during either surface or underground mining operations. Tail-
ings are the solid wastes generated from the cleaning and
extraction of ores. Both types of mining waste include waste
rock that can contain potential contaminants such as uranium,
copper, iron, sulfur and phosphate. Waste piles containing
hazardous wastes are regulated under RCRA and are subject to
minimum federal design and operational requirements (40
CFR, Parts 264 and 265, SubpartL) and ground-water protection
requirements (40 CFR, Part 264, Subpart F), particularly where
the waste piles are unprotected from precipitation and surface
drainage. In many instances, waste and material piles remain
uncovered and exposed to the atmosphere. Precipitation per-
colating through the material can dissolve and leach potentially
hazardous constituents into the subsurface. For exarnple, ground-
water quality problems have occurred due to the dissolution of
unprotected stockpiles of highway deicing salt. Cyanide leaching
to extract gold from mine tailings is potentially dangerous and
a widespread problem in some areas. Surface runoff from
stockpiles can aso be a source of potential ground-water
contamination. Ground-water monitoring efforts in waste and
material pile areas need to be designed to detect or assess
ground-water contamination occurring on site and to determine
that surface runoff has not contaminated adjacent areas.

Land Treatment —

Land treatment involves the application of waste liquids
and dudges onto the ground surface for biologica or chemical
degradation of the waste or for the beneficial use of nutrients
contained in the waste. Land treatment operations commonly
involve spray irrigation or land spreading of sludges on agricul-

tural, forested or reclaimed land. Municipal wastewater or
dudge application to agricultural land is the most common form
of land treatment. Industrial waste sludge includes effluent
treatment waste, stack scrubber residue, fly ash, bottom ash and
slag (Office of Technology Assessment, 1984). Control mea-
sures must be ingtituted to prevent surface runoff, wind erosion
and excessive percolation into the ground water during site
operation. The rate and duration of sudge application depends
on the waste, soil type and the level of anticipated degradation.

Wastes applied to the ground surface at a land treatment
facility may be hazardous or non-hazardous. Hazardous waste
land treatment facilities are regulated under RCRA and are
subject to minimum federal design and operationa requirements
(40 CFR, Parts 264 and 265, Subpart M) and applicable reground-
water protection and monitoring requirements (40 CFR, Parts
264 and 265, Subpart F).

Underground Storage Tanks —

Underground storage tanks are used to store hazardous and
nonhazardous waste, industrial products and raw materias. The
primary industrial use for tanks is the storage of fuel ails. Itis
estimated that half of all steel tanks in use store petroleum
products. Both steel and fiberglass tanks are also used to store
other products including solvents, acids and technical grade
chemicals.

Recent amendments to RCRA now specify design, main-
tenance and operation requirements for tanks containing haz-
ardous waste and commercia petroleum products (40 CFR,
Parts 264 and 265, Subpart J). These regulations include re-
quirements for a double liner system and/or cathodic protection
of steel tanks, leak detection and inventory control.

Radioactive Waste Disposal Sites —

Radioactive wastes are produced during the development
and generation of nuclear fuel and other radioactive materials.
Waste products include; 1) spent fuel from nuclear power plant
operations, 2) high-level radioactive waste from initial process-
ing of reactor fuels, 3) transuranic waste from fuel processing,
4) low-level wastes from power plants, weapons production,
research and commercial activities and 5) medical waste (Of-
fice of Technology Assessment, 1984).

The radioactive waste disposal method depends on the
radiation levels and the waste characteristics. Low-level ra
dioactive wastes are usually disposed of in shallow burid sites.
High-level radioactive wastes are stored in specialy constructed
facilities and may be reprocessed. Spent reactor fuels maybe *
stored on site or transferred to disposal facilities.

All radioactive waste disposal facilities are regulated by
the Nuclear Regulatory Commission. Ground-water monitor-
ing requirements for specific facilities coupled with the design
configuration of the facility directly affect the location and
installation of monitoring wells.

Waste Characteristics

The physical and chemical characteristics of the waste(s)
present at a site should be carefully evaluated and considered
together with site hydrogeology when designing a monitoring
program. The mechanisms that govern the fate and transport of
contaminants in the subsurface affect the occurrence and con-
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figuration of a contaminant plume. By considering these effects
amonitoring program can be designed to monitor or detect
subsurface contamination. The monitoring well locations, the
depth of the screened intervals, the method of well installation
and the appropriate construction materials must al be compat-
ible with the specific waste and hydrogeological characteristics
of the site.

Two physical properties that affect transport and fate of a
compound in the subsurface are the relative volubility and
density of the contaminant. Based on these properties, con-
taminants can be classified into categories that subsequently
influence monitoring well design: 1) compounds that are pri-
marily miscible/soluble in groundwater and 2) compounds that
are relatively immiscible/insoluble in ground water. These
categories can be further subdivided based on the relative
density of the compound.

Primarily Miscible/Soluble Contaminants —

This category of contaminants exhibits a relatively high
volubility in water and typically is mobile in the subsurface.
Soluble contaminants can exhibit densities greater than, less
than or equal to water. In general, where the density of the
contaminant closely approximates that of water, the contami-
nant Moves in the same direction and with the same velocity as
ground water.

The primary processes that affect dissolved contaminant
transport in porous media include advection and dispersion
(Freeze and Cherry, 1979; Anderson, 1984; Mackay et al.,
1985). Advection is the process by which solutes are trans-
ported by the motion of ground water flowing in response to
hydraulic gradient, where the gradient reflects the magnitude of
the driving force. Dispersion refers to the dispersal of con-
taminants as they move with the ground water. Dispersion
occurs by mechanical mixing and molecular diffusion. Seasona
changes in gradient may affect lateral movement of a contaminant
more than dispersion. Interactions that cccur between the
contaminant and the porous media include retardation, sorption
(Freeze and Cherry, 1979; Cherry et a., 1984; Mabey and Mill,
1984; Mackay et al., 1985) and biodegradation (McCarty €t dl.,
1981; McCarty et al., 1984; Wilson et al., 1985). These
mechanisms can affect the rate of movement of a contaminant
plume or dter the chemistry within the plume.

The effects of contaminant density must also reconsidered
in waste characterization (Bear, 1972). Figure 16 illustrates the
migration of a high density, miscible contaminant in the sub-
surface. As shown, the contaminant sinks vertically through the
aquifer and accumulates on top of the lower permeability
boundary. The contaminant then moves in response to gravity
and follows the topography of the lower permeability bound-
ary, possibly in opposition to the direction of regional ground-
water flow. Because the contaminant is also soluble, the con-
taminant will concomitantly move in response to the processes
of advection and dispersion. Therefore, two or more zones of
different concentration may be present within the plume: 1) a
dense pool of contaminant at the bottom of the aquifer and 2) a
dissolved fraction that moves with the ground water. Because
the dense, pooled portion of the plume is aso soluble, the
contaminants will continue to dissolve and migrate in response
o ground-water flow conditions. Ground-water monitoring
wells installed in the aquifer may more easily detect the dis-
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solved portion of the plume unless a specific monitoring pro-
gram is devised for the dense phase of the plume. A knowledge
of subsurface topography, determined from a top-of-bedrock
map or overburden thickness maps and confined by surface
geophysics and/or borings assist in accurately locating and
monitoring the denser portion of the plume.

Figure 17 illustrates the migration of alow density, soluble
contaminant. The contaminant initially accumulates at the top
of the water table. Dissolution and dispersion of the contami-
nant occurs as the accumulated contaminant migrates with the
ground water. Continued dissolution of the contaminant causes
eventual dissipation of the plume. Monitoring for contaminants
with these characteristics is frequently most effective in the
shallow portion of the aquifer.

Contaminants with a density similar to water migrate in
response to advection and dispersion. Contaminants in this
category include inorganic constituents such as trace metals and
nonmetals. Because of the similarity of contaminant movement
to the ground-water movement, certain nonmetals, such as
chloride, are commonly used as tracers to estimate the bound-
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Figure 16. Migration of a high density, miscible contaminant in
the subsurface.
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Figure 17. Migration of a low density, soluble contaminant in
the subsurface.



aries of contaminant plumes. The dissolved portion of certain
organic contaminant plumes can also have a density similar to
water and migrate with the ground water. Monitoring and
detection schemes for plumes of these contaminants must be
based on the calculated effects of advection, dispersion, chemi-
cal attenuation and subsurface hydrogeology.

Relatively Immiscible/Insoluble Contaminants —

In both the saturated and unsaturated zones, immiscible
compounds exist as either free liquids or as dissolved constituents
depending on the relative volubility of the contaminant. The
migration of dissolved constituents in the aqueous phaseis
primarily governed by the processes of advection-dispersion
and biological/chemical attenuation (Schwamenbach and Giger,
1985). The distribution of free liquids is complexly interrelated
to capillary pressure, density (gravitational forces) and viscosity
(shear forces) (Kovski, 1984; Villaume, 1985). The relative
density of the contaminant affects the occurrence and movement
of the contaminant in the subsurface and must be considered
when locating monitoring wells and when determining the
interval(s) to be screened in the aquifer.

Figure 18 illustrates the migration of a low density, immis-
cible contaminant. The contaminant moves downward through
the vadose zone and accumulates at the top of the water table
and/or within the capillary fringe. A residua amount of fluid is
retained in the vadose zone in response to surfical and interstitial
forces (Kovski, 1984; Yaniga and Warburton, 1984). The
contaminant plume accumulates on the water table and typi-
cally elongates parald to the direction of ground-water flow
(Gillham et al., 1983). The movement and accumulation of
immiscible hydrocarbons in the subsurface has been discussed
by Blake and Hall (1984 ), Kovski (1984), Yaniga and Warburton
(1984), and Hinchee and Reisinger (1985). Depending on the
physical properties of the contaminant, a volatile gas phase may
accumulate in the unsaturated zone.

Monitoring wells designed to detector assess low density
immiscible contaminants should be screened in the upper part
of the aquifer. In many instances the screen should span the
vadose zone and the upper portion of the aquifer to allow the
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Figure 18. Migration of a low density, immiscible contaminant in
the subsurface.

floating contaminant to enter the well. Many immiscible con-
taminants depress the water table in the well and create an
apparent free liquid thickness that is greater than the thickness
of the floating contaminant within the aquifer. Where volatiles
accumulate in the vadose zone, an explosion hazard may exist.
Various mapping and detection techniques including soil-gas
sampling and geophysical techniques can be utilized in plan-
ning the monitoring well locations to intercept the plume and
reduce the risk of an explosion (Noel et al., 1983; Andres and
Canace, 1984; Marrin and Thompson, 1984; Saunders and,
Germeroth, 1985; Lithland et al., 1985).

High density immiscible fluids are called dense non-
agueous phase liquids (DNAPLS). DNAPLSs include most ha-
logenated hydrocarbons and other aliphatic compounds because
the density of most organic compounds is significantly greater
than water. A density difference of one percent or greater has
been shown to cause migration of contaminants in the subsurface
(Mackay et al., 1985).

Figure 19 illustrates the movement of DNAPLS in the
subsurface. Movement of DNAPLS in the unsaturated zone is
primarily governed by capillary forces and density (Villaume,
1985). The contaminant sinks through the aquifer and pools at
the bottom of the aquifer on top of the lower permeability
boundary (Schwille, 1981). The pool of contaminant migrates
in response to the topography of the lower permesbility bound-
ary independent of regional ground-water flow. Residual ma-
terial isretained in the pore space of the unsaturated and
saturated zones. This residual typically occurs as discrete
fingers of globules. The formation and movement of the glob-
ules in the subsurface depends on the extant pore-size distribution
and capillary forces (Schwille, 1981; Villaume, 1985). As
much as five percent by volume of a compound maybe retained
in the aquifer after plume migration.

Both residual contaminant and the contaminant plume may
continue to contribute dissolved constituents to the ground
water for an extended period of time. Thus, small spills of
persistent compounds have the ability to extensively contami-
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Figure 19. Migration of a dense, non-aqueous phase liquid
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nate ground water. A vapor plume from the contaminant source
may also form and migrate in the vadose zone. These plumes
can often be detected through soil-gas sampling techniques.

Field investigation sat hazardous waste sites have supported
the phenomena of sinking DNAPLs as demonstrated by Schwille
(1981) in physical model experiments (Guswa, 1984; Reinhard
et al., 1984; Villaume, 1985). Monitoring for these DNAPLs
poses special problems. The actual contaminant plume may
migrate independently of regional ground-water flow and may
be very difficult to locate. Analysis of maps of aquifer thickness
and bedrock topography will aid in determining potential
migration pathways. The dissolved constituents will migrate
according to the ground-water flow regime. Vapor plumes can
be detected by using soil-gas sampling techniques.

Villaume (1985) indicates that monitoring well installation
through DNAPL -contaminated zones should proceed with
caution to avoid cross contamination. Where the borehole is
open during drilling or where the annulus is not properly sealed,
DNAPLs may migrate down the hole or annulus and cause cross
contamination.

Other Anthropogenic Influences

The hydrogeology of a site and the characteristics of the
facility are primary factors that should be assessed when
choosing specifications for a monitoring well program. How-
ever, a variety of factors that relate to the activities of man also
should be assessed to determine any potential impacts to the
monitoring program. These factors can affect ground-water
gradients and flow direction and might have had past impacts on
ground-water quality that will affect a current monitoring
program.

To minimize the possibility of unknown anthropogenic
influences, any initial investigation should include a detailed
review of the site history. This review should encompass a
study of an'y land use prior to the current or proposed activity at
the site. Additionally, a design and operationa history for any
existing operation also should be compiled that includes the
location of dl site activities and the type(s) of waste accepted
during the operation of the disposal facility. For example,
information about tank age, volume of product delivered and
sold, location of the tank and similar information is needed to
assess a gasoline-dispensing cooperation. Another example is
where a presently regulated disposal facility is located on the
site of a previously unregulated landfill or a turn-of-the-century
industrial facility. Prior waste disposal practices may aready
have caused ground-water contamination. Knowledge of the
past site practices might lead the investigator to the conclusion
that contaminants are held in the vadose zone and could be
periodical] y released to the ground-water during recharge events
(Pettyjohn, 1976 and 1982). Cyclic fluctuations in ground-
water quality are sometimes difficult to evaluate because natu-
rally-occurring constituents in the vadose zone can also cause
similar fluctuations. Additional sources of data to assess site
history include: 1) historical photographs, 2) air photos, 3)
zoning plats, 4) interviews with local citizens and 5) local
newspapers.

A complete site assessment must frequently include an
investigation outside the legal boundary of the property, An

evaluation of past and present land use practices in the area to
be monitored can dert the investigator to potential contamination
problems not related to the activity to be monitored. For
example, non-point sources such as agricultural practices may
affect natural background water quality. Adjacent industrial or
commercial facilities may also influence background water
quality or may serve as a source of contamination.

Pumping or injection wells near an area to be monitored
can affect ground- water flow direction and velocity and/or can
influence ground-water quality. The presence of a well or
collection of wells with resultant cones of depression or
impression might reverse anticipated ground-water flow direc-
tions or ater the rate of migration of contaminant plumes. The
influence of a pumping well(s) should be determined before
completing final design of the monitoring program. Collection
of water-level measurements and evaluation of pump test data
and velocity plots can be used to determine the possible hydrau-
lic effects of the other wells in the monitoring program (Keely
and Tsang, 1983). A more detailed discussion of monitoring
strategies that are useful near well fields can be found in Keely
(1986). Potentia water-quality effects from injection wells
near the site must also be evaluated.

Other activities that can alter ground-water velocity and/or
direction include infiltration galleries and ground-water re-
charge facilities. Mounding of the water table beneath these
areas will locally affect ground-water gradients. Where the
quality of the recharge water differs from background water
quality, the ground-water quality in the area may also be
affected.

Storm sewers, surface runoff catchments, sanitary sewers,
buried underground cables, underground pipelines or other
subsurface disturbances may affect ground-water flow paths
and ground-water quality. Preferential flow paths can be cre-
ated when subsurface trenches or excavations are refilled with
unconsolidated backfill and bedding materials. These more
permeable materials provide conduits that can influence or
control the flow of contaminants in the subsurface and can also
Serve as a vapor migration pathway. Storm and sanitary sewer
lines and other buried pipelines may be a source of contamina-
tion if leakage occurs. The precise location of buried pipelines
and cables should be determined to avoid inadvertently drilling
into or through the lines. For example, drilling into natural gas
pipelines poses an immediate health and safety risk to anyone
near the drilling site. Drilling into pipelines for sanitary or storm
sewers poses less of a safety risk, but may exacerbate the
contamination problem. In summary, a review of al site activi-
ties and subsurface structures serves to contribute valuable
information to the monitoring program.

Equipment that the Well Must Accommodate

The purpose of a monitoring well is to provide access to a
specific zone from which water-level measurements and/or
ground-water quality samples, representative of the extant
water quality in the monitored zone, can be obtained. These
conditions and the size of equipment necessary to obtain the
desired measurements or collect the desired samples will de-
termine the diameter of the well that must be drilled. For
example, if the transmissivity of the monitored zone is to be
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evaluated, then the well diameter must accommodate a pump or
other device capable of providing the necessary water demand
to make the transmissivity determination. Similarly, if repre-
sentative ground-water quality samples are to be collected from
the well, then an appropriate well diameter must be selected that
accommodates the needed sampling equipment. Equipment
and procedures that influence the choice of a well diameter
include: 1) borehole geophysical tools and downhole cameras,
2) water-level measuring devices, 3) ground-water sampling
devices and 4) aquifer testing procedures.

Borehole Geophysical Tools and Downhole
Cameras

Use and Limitations of Borehole Geophysical Tools —

Borehole geophysical methods are often used in monitor-
ing wells to obtain hydrogeologic information. Under appropriate
conditions, porosity, hydraulic conductivity, pore fluid electrical
conductivity and general stratigraphic logs can be obtained.
Unfortunately, borehole geophysica methods are frequently
limited by the materials and the drilling and completion meth-
ods used to construct the well. If it is anticipated that borehole
geophysical methods will be conducted in a well, it is neces-
sary to consider the limitations that are imposed by the various
methods and materials that are used to construct the well.

Virtualy all borehole methods that are likely to be used in
shallow ground-water investigations can be conducted in a 2-
inch diameter well. Four things that commonly restrict the use
of borehole methods are well fluid, casing type, perforation
type and gravel pack. Each one of these imposes limitations on
the geophysical methods that can be conducted in the well. A
summary of the limitationsis presented in Table 3, and the
limitations are discussed below.

Some geophysical methods require that a fluid be present
in the well. Sonic tools will not operate in an air-filled borehole
because the acoustic source and receivers are not coupled to the
formation. Television systems can operate in air or fluid, but
only if the fluid is not murky. Radiometric methods, such as

natural gamma, gamma density or neutron moisture logs can
operate in air or fluid-filled wells. However, the calibration of
these tools is different between air and fluid-filled wells.

Standard Resistivity tools that measure the electrical con-
ductivity of the formation will not operate in air-filled bore-
holes because of the lack of an electrical connection between
the electrodes and the connation. Some individuals have modified
Resistivity tools to operate in air-filled boreholes by altering the
electrode design to insure that the electrode is aways in contact
with the formation. If the well fluid electrical conductivity y is
two orders of magnitude or more greater than the formation
electrical conductivity (electrical conductivity is the reciprocal
of electrical Resistivity), then the lateral and normal electrical
Resistivity tools cannot be used because the well fluid distorts
the electric field to such a degree that it cannot be corrected.
This situation can occur in low porosity formations. The induction
log, which measures formation electrical conductivity by
electromagnetic coupling, does not require fluid in the well to
operate and is usually not affected by the well fluid.

The casing material also influences which methods can be
used. No measurement of the electrical properties of the for-
mation can be made if the well is cased with metal. Quantitative
Resistivity measurements can only be made in open boreholes;
limited quaitative measurements can be made in perforated
PVC or perforated teflon wells. The formation electrical con-
ductivity can be measured qualitatively with induction logs in
wells cased with PV C or teflon. Sonic methods have not been
demonstrated to be useful in cased wells, although thisis an area
that is currently being researched. The caibration of radiomet-
ric logs is affected by the thickness and material used in the
casing. Thisis particularly true when neutron moisture methods
are used in PV C casing because the method is unable to
distinguish hydrogen in the PVC from hydrogen in the pore
fluid.

The type of perforations influence which methods can be
used. Quadlitative Resistivity measurements can be made in non-
metallic wells that are uniformly perforated, but not in wells that

Table 3. Use and Limitations of Borehole Geophysical Tools (K. Tayior, Desert Research Institute, Reno, Nevada, Personal

Communication, 1988)

Eluid Casing Material Perforations Radius of
Investigations

Borehole Method Air Water Open Metal Plastic Screen No Screen (cm) Comments
Sonic 4 1 1 4 4 4 4 5-50
Resistivity 4 1 1 4 3 3 4 5-400
Induction 1 1 1 4 1 1 1 100-400
Natural Gamma 2 2 2 2 2 1 1 5-30
Gamma Density 2 2 2 2 2 1 1 5-15
Neutron 2 2 2 2 2 1 1 5-15 Big effect with PVC
Caliper 1 1 1 1 1 1 1 0
TV 1 2 1 1 1 1 1 0 Clear fluid only
Borehole Fluid 4 1 1 1 1 1 1 0
Fluid Resistivity
Vertical Flow 4 1 1 1 1 1 4 0
Horizontal Flow 4 1 1 1 3 4 2-6cm  Strongly influenced

by screen

' Works, this well property does not adversely affect the log
2 Works, but calibration affected

3 Works qualitatively

4 Doesn't work
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are not perforated because there is no path for the current
between the electrodes and the formation. Vertical flow in the
well is controlled by the location of perforated intervals. Hence,
the location of perforations will dictate what intervals can be
investigated. Horizontal flow through the well is controlled by
the radia distribution of perforations. Attempts to measure the
horizonta flow must have perforations that are continuous
around the well.

In cased holes, the material in and the size of the annulus
between the casing and the undisturbed formation will influ-
ence geophysical measurements. This occurs because al bore-
hole geophysical measurements are a weighted average of the
property being investigated over a cylinder portion of the
formation adjacent to the borehole. The radius of this cylinder
is referred to as the radius of investigation. The radius of
investigation is a function of the geophysical method, tool
design, and, to a lesser degree, the formation and annular
materid. Table 3 lists typica radii of investigation for common
borehole geophysical methods. Because it is generally the
formation, not the material in the disturbed zone, that is of
interest, it is important to ensure that the radius of investigation
is larger than the disturbed zone.

The radius of investigation for the sonic tool is on the order
of afew wavelengths of the sonic pulse. Hence, it isless for high
frequency tools (greater than 30 kHz) than for low frequency
tools (less than 20 kHz). The radius of investigation of Resistiv-
ity tools is controlled by the type of array that is used. Resistivity
tools with multiple radii of investigation can commonly be used
to correct for the effects of a disturbed annulus. The Radiomet-
ric logs have a very limited radius of investigation and usually
require a driven casing or open borehole to be accurate. The
spacing between the source and the detector influences the
radius of investigation. Some tools use two spacings to correct
for disturbed zones less than approximately 4 inches in radius.
Horizontal flow through the borehole is strongly affected by the
hydraulic conductivity of the material in the disturbed zone.
Hydraulic testing of discrete intervals with straddle packersis
adversely affected if the annular material adjacent to the pack-
ers has a hydraulic conductivity significantly greater than the
formation.

When using tools that have a radioactive source (gamma
density or neutron moisture), state regulations vary. Most states
severely restrict the use of these tools in water wells. At a
minimum, it is usually required that the measurements be made
in cased wells. This complicates the use of these tools because
the casing influences the calibration and creates a disturbed
zone. Another common restriction is that the well not be
perforated in an aquifer with potable water. This further limits
the use of these methods to areas that are aready contaminated.

General Applications —

Natural gamma and self potentia (SP) logs are commonly
used to detect lithologic boundaries and to identify formations
containing clays and shales (Keys, 1968; Keys and MacCary,
1971; Voytek, 1982; Mickam et a., 1984; Taylor et a., 1985).
Both natural gamma and SP logging tools can be accommo-
dated by 2-inch diameter or larger wells and are frequently
available in combination with other logging tools as a portable
unit that may be easily transported to sites with restricted
access.

Formation Porosity and density may be determined through
the use of neutron, sonic and gamma-gamma logs (Keys, 1968;
Keys and MacCary, 1971; Sengcr, 1985). The use of the neutron
tool is generally accepted as an indicator of moisture content
(Keys, 1968). Wilson (1980) and Everett et al. (1984) have
pointed out limitations in using the neutron tool inside plastic
casing, in the presence of certain contaminants and in certain
geologic settings. Tool detector sizes are limited to 2-inch
diameter wells or greater and are available as portable units for
remote field access.

Various types of caliper logs are used to maintain a con-
tinuous record of well or borehole diameter that can be used to
detect broken casings, the location of fractures, solution devel-
opment, washed-out horizons and hydrated clays (Keys and
MacCary, 1971; Mickam et a., 1984; DelLuca and Buckley,
1985). Diameters are “sensed” through the use of multiple
feeler arms or bow springs. Calipers are available for borehole
or well diameters ranging from 1.65 inches to 30 inches.

Other borehole logging tools may be used to derive in-
formation about the character of water in the borehole and the
formation. Induction tools are used to measure pore fluid
conductivity (Taylor et d., 1985). Selected Resistivity tools with
different formation penetration depths are used to detect
variations in pore fluids (Keys, 1968; Keys and MacCary, 197 1,
Kwader, 1985; Lindsey, 1985). Temperature logs have recently
been applied to the detection of anomalous fluid flow (Urban
and Diment, 1985). Induction, Resistivity and temperature log-
ging tools have been designed to fit 2-inch diameter or larger
monitoring wells.

Flowmeters are used to monitor fluid rates in cased or
uncased holes. This tool provides direct ground-water flow
measurement profiling. Flowmeters can aso be used to detect
thief zones, lost circulation zones and the location of holesin
casing. Flowmeters measure flow using low inertia impellers or
through changes in thermal conductance as liquids pass through
the tool (Kerfoot, 1982). Many professionals remain
unconvinced, however, as to the effectiveness of Flowmeters.
Impeller Flowmeters are available as small as 1.65 inches in
diameter conductance Flowmeters are typicaly 1.75 inches in
diameter.

Some uncertainty exists in the application of amost all
borehole equipment including geophysical logs. The correct
interpretation of al such data often depends on precise knowledge
of geologic and hydrogeologic conditions that are frequently
not available. Therefore the interpretation of these data are
invariably subjective.

Downhole television cameras can be used to gather in-situ
information on boreholes and monitoring wells (Huber, 1982;
Morahan and Doorier, 1984). Television logging maybe used
to check monitoring well integrity (i.e., casing and screen
damage), to inspect installation and construction procedures
and to accurately characterize subsurface fractures and geologic
strata. Borehole television cameras have recently become
available for wells as small as 2 inches in diameter. Cameras are
available that provide multi-angle viewing, black/white or
color images and recorded depth data during imaging.

Many of the logging tools discussed in this section are
available as either combination probes or single probes. These
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tools have been designed so that they can be run from truck
mounted winches and loggers or from portable units that can be
transported by backpack to sites where vehicular access is
restricted. In addition, a variety of portable data loggers are
available to record logging data gathered onsite.

Water-Level Measuring Devices

The basic water-level measuring device is a steel tape
typicaly coated with ordinary carpenter’s chalk. This is the
simplest water-level measuring device and is considered by
many to be the most accurate device at moderate depths. In
addition to a standard steel tape, the five main types of water-
level measuring devices are; 1) floa-type, 2) pressure transduc-
ers, 3) acoustic probes, 4) electric sensors and 5) air lines. Float-
type devices rest on the water surface and may provide a
continuous record of water levels on drum pen recorders or data
loggers. Float sizes range from 1.6 inches to 6.0 inches in
diameter, but are only recommended for wells greater than 4
inches in diameter due to loss of sensitivity in smaller diameter
boreholes. Pressure transducers are suspended in the well on a
cable and measure height of water above the transducer center.
Transducers are available in diameters as small as 0.75 inches.
Acoustic well probes use the reflective properties of sound
waves to calculate the distance from the probe at the wellhead
to the water surface. Acoustic probes are designed for well
diameters as small as 4 inches and are limited to water depths
greater than 25 feet (Ritchey, 1986). Electric sensors are sus-
pended on the end of a marked cable. When the sensor encoun-
ters conductive fluid, the circuit is completed and an audible or
visual signal is displayed at the surface. Air lines are installed
at a known depth beneath the water and by measuring the
pressure of air necessary to discharge water from the tube, the
height of the water column above the discharge point can be
determined.

Steel tapes coated with a substance that changes color
when wetted are also used as water-level measuring devices
(Garber and Koopman, 1968). Tapes are available as small as
0.75 inches in width. Specialy coated tape with physical and
chemical resistance has recently been developed that is 0.375
inches in width and contains electrical conductance probes at
the end of the tape to sense water levels (Sanders, 1984).

Ground-Water Sampling Devices

A wide variety of ground-water sampling devices are
available to meet the requirements of a ground-water monitori-
ng program. A discussion of the advantages and disadvantages
of sampling devices is provided by Barcelona et al. (1983) and
(1985a), Nielsen and Y eates (1985) and Bryden et al. (1986).

Bailers are the smplest of the sampling devices commonly
used for ground-water sampling. They can be constructed from
a variety of materials including polytetrafluorethylene (PTFE),
polyvinyl chloride (PVC) and stainless steel. Diameters of 0.5
inches or larger are common. Because bailers are lowered by
hand or winch, the maximum sampling depth is limited by the
strength of the winch and the time required for bailing.

Grab samplers such as Kemmerer samplers can be used to
collect samples from discrete sampling depths. These samplers

can be constructed from a variety of materials and can be
manufactured to fit in wells with 0.5-inch diameter or larger.

Syringe samplers allow for depth discrete sampling at
unlimited depths while reducing effects on sample integrity
(Nielsen and Y eates, 1985). Syringe samplers have been con-
structed from stainless steel, PTFE and polyethylene/glass with
various modifications (Gillham, 1982). These samplers maybe
utilized in wells with a casing diameter 1.5 inches or larger.

Suction lift or vacuum pumps include both centrifugal and
peristaltic pumps. These types of pumps are limited to sampling
depths of less than 25 feet. However, they can be utilized in
wells of O, S-inch diameter or larger.

Gas drive samplers can be used in wells with a casing
diameter of 0.75 inches or larger. These samplers operate on the
principal of applied gas pressure to open/close check valves and
deliver samplesto the surface (Robin et al., 1982; Norman,
1986). Sampling depth is limited by the internal working
strength of the tubing used in sampler construction,

Positive displacement bladder pumps can be constructed
of various inert materials for wells with a diameter of 1.5 inches
or larger. The use of pressurized bladders ensures that the
sample does not contact the driving gas. Most bladder pumps
are capable of lifting samples from 300 to 400 feet, although
models capable of 1000 feet of lift have been recently advertised.

Both gear-drive and helical rotor submersible pumps have
been developed for wells with a casing diameter of at least 2
inches. These pumps are capable of lifts of up to at least 150 feet.
Submersible gas-driven piston pumps have been developed that
operate on compressed air or bottled gas without contact of the
sample with the air. These pumps are available for 1.5 and 2-
inch diameter monitoring wells and have pumping lifts from O
to 1000 feet. All of these types of pumps can’ be constructed
from various inert materials and may provide continuous, but
variable flow rates to minimize degassing of the sample.

Aquifer Testing Procedures

The diameter, location, depth, and screened interva of a
monitoring well should be chosen based on the need for and the
type of aquifer testing procedures that will be performed on the
well. Observation wells generally do not have to be designed
with the same diameter criteria in mind. The type of aquifer
testing procedure should be based on the hydraulic character-
istics of the aquifer such as transmissivity, storage coefficient,
homogeneity and areal extent.

Pumping tests are typically performed in wells with a high
transmissivity and in wells with a diameter large enough to
accommodate the pumping equipment. Conversely, slug in-
jection or recovery tests, that add or remove smaller amounts of
water, are typicaly performed in formations with low trans-
missivity and in smaller diameter wells. Packer tests can be
conducted in wells as small as 2 inches in diameter, but the
optimum well diameter for packer testing is 4 inches. Bailer
tests to evaluate aquifer characteristics can be performed in
wells of all diameters. Tracer tests are also used to evaluate
aquifer characteristics and can be performed regardless of well
diameter.
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Section 3
Monitoring Well Planning Consider ations

Recordkeeping

The development of an accurate recordkeeping process to
document the construction, installation, sampling and mainte-
nance phases of a monitoring well network plays an integral
part in determining the overall success of the program. An
accurate account of all phases is necessary to ensure that the
goas of the monitoring program (i.e. accurate characterization
of the subsurface hydrogeology and representative water-qual-
ity samples, etc.) are met. It is from these records that information
will be used to resolve any future monitoring problems that will
be encountered.

Recordkeeping begins with the drilling of the monitoring
well. Complete documentation of the drilling and/or sampling
process should be accurately recorded in afield notebook and
transferred to a boring log. Notations about weather, drilling
equipment, personnel on the site, sampling techniques, sub-
surface geology and hydrogeology should be recorded. Litho-
logic descriptions should be based on visua examination of the
cuttings and samples and confined with laboratory analyses
where appropriate. The Unified Soil Classification System is
one universally accepted method of soil description. In the
Unified Soil Classification System, soils are designated by
particle size and moisture content. A description of the system
can be found in a publication by the United States Department
of Interior (1974). Identification and classification of rock
should include typical rock name, notations on pertinent li-
thology, structural features and physica aterations. Although
there is no universally accepted system for describing rock, one
system is described by Williamson (1984). A list of information
that should be recorded in the field notebook is contained in
Table 4. Information in the field notebook is transferred to the
boring log for clarity of presentation. Figure 20 illustrates the
format for a sample boring log. Both the boring log and the field
notes become part of the permanent file for the wel 1.

In addition to the boring log, an “as-built” construction
diagram should be drawn for each well. This differs from a
“typical monitoring well” diagram contained within the design
specifications because the “as-built” diagram contains specific
construction information about the materials and depths of the
well components. An “as-built” diagram eliminates confusion
if the monitoring well was not built exactly as conceived in the
design specifications. In addition, the drawing provides an “at-
a-glance” picture of how the well is constructed (similar to the
function of a boring log). The “as-built” diagram should contain
information about the elevation, depth and materials used in
well construction. Figure 21 illustrates the format for an “as-
built” diagram of a monitoring well.

Finally, records should be kept for each well illustrating
not only the construction details for the well, but also a complete
history of actions related to the well. These include: 1) dates and
notations of physical observations about the well, 2) notations
about suspected problems with the well, 3) water-level mea-
surements, 4) dates of sample collection (including type of
sampler, notations about sample collection and results of labo-
ratory analyses), 5) dates and procedures of well maintenance
and 6) date, method and materials used for abandonment. This
record becomes part of a permanent file that is maintained for
each well.

Decontamination

Decontamination of drilling and formation-sampling
equipment is a quality-control measure that is often required
during drilling and installation of ground-water monitoring
wells. Decontamination is the process of neutralizing, washing
and rinsing equipment that comes in contact with formation
materia or ground water that is known or is suspected of being
contaminated. Contaminated material that adheres to the sur-
face of drilling and formation sampling equipment may be
transferred via the equipment: 1) from one borehole to another
and/or 2) vertically within an individual borehole from a
contaminated to an uncontaminated zone. The purpose for
cleaning equipment is to prevent this “cross-contamination”
between boreholes or between vertical zones within a borehole.
Although decontamination is typicaly used where contaminat-
ion exists, decontamination measures are also employed in
uncontaminated areas as a quality control measure.

Planning a decontamination program for drilling and for-
mation sampling equipment requires consideration of:

1) the location where the decontamination procedures
will be conducted, if different from the actual
drilling site;

2) the types of equipment that will require
decontamination;

3) the frequency that specific equipment will require
decontamination;

4) the cleaning technique and type of cleaning
solutions and/or wash water needed for
decontamimtion;

5) the method for containing the residual
contaminants and cleaning solutions and/or wash
water from the decontamination process, where
necessary; and

6) theuse of aquality control measure, such as
equipment blanks or wipe testing, to determine
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Table 4. Descriptive Information to be Recorded for each Monitoring Well

General information

Well Completion information

Boring number

Date/time to start and finish well

Location of well (include sketch of location)

Elevation of ground surface

Weather conditions during drilling

Name of driller, geologist and other personnel on site

Drilling information
Type of drilling equipment
Type and design of drill bit
Any drilling fluid used
Diameter of drill bit
Diameter of hole
Penetration rate during drilling (fee/minute, minutes/foot, feet/hour, etc.)
Depth to water encountered during drilling
Depth to standing water
Soillrock classification and description
Total well depth
Remarks on miscellaneous drilling conditions, including:
a) loss or gain of fluid
b) occurrence of boulders
c) cavities or voids
d) borehole conditions
e) changes in color of formation samples or fluid
f) odors while drilling

Sampling information
Types of sampler(s) used
Diameter and length of sampler(s)
Number of each sample
Start and finish depth of each sample
Split spoon sampling:
a) size and weight of drive hammer
b) number of blows required for penetration of 6 inches
c) free fall distance used to drive sampler
Thin-walled sampling:
a) relative ease or difficulty of pushing sample OR
b) pounds per square inch (psi) necessary to push sample
Rock cores:
a) core barrel drill bit design
b) penetration rate (fee/minute, minutes/foot, fee/hour, etc.)

Percent of sample recovered

Elevation of top of casing (+ .01 foot)
Casing:
a) material
b) diameter
c) total length of casing
d) depth below ground surface
e) how sections joined
f) end cap (yes or no)
Screen:
a) material
b) diameter
c) slot size and length
d) depth to top and bottom of screen
Filter pack:
a) typelsize
b) volume emplaced (calculated and actual)
c) depth to top of filter pack
d) source and roundness
e) method of emplacement
Grout and/or sealant:
a) composition
b) method of emplacement
c) volume emplaced (where applicable)
(calculated and actual)
d) depth of grouted interval (top and bottom)
Backfill material:
a) depth of backfilled interval (top and bottom)
b) type of material
Surface seal detail:
a) type of seal
b) depth of seal (must be below frost depth)
Well protector:
a) type
b) locking device
c) vents (yes or no)
Well development:
a) method
b) date/time; start/stop
¢) volume and source water (if used)

the effectiveness of the decontamination
procedure, if appropriate.

The degree to which each of these items are considered
when developing a decontamination program varies with the
level of contamination anticipated at the site. Where the site is
“clean,” decontamination efforts may simply consist of rinsing
drilling and formation sampling equipment with water between
samples and/or boreholes. As the level of anticipated or actua
contamination increases, so should the decontamination effort.
A document by the United States Environmental Protection
Agency (1987) discusses decontamination at CERCLA sites .

One important factor when designing a decontamination
program is the type of contaminant. The greater the toxicity
or the more life-threatening the contaminant, the more exten-
sive and thorough the decontamination program must be. The
following discussion focuses on measures to be employed at
sites where contamination is known or suspected or decon-
tamination is desired as a quality control measure. Less formally
defined decontamination efforts may be employed at any site.

Decontamination Area
An appropriate decontamination area at a site is selected

based on the ability to: 1) control access to the decontamination
area, 2) control or contain residual materia removed from the
surfaces of the drilling and formation sampling equipment and
3) store clean equipment to prevent recontamination before use.
In addition, the decontamination area should be located in close
proximity to the drilling area to minimize further site con-